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Abstract
The upper fourteen sections of three cores recovered from the International Marine Past
Global Changes Study (IMAGES) VIII/Paleoceanography of the Atlantic and Geochemistry
(PAGE) 127 expedition of 2002, are stratigraphic records of the climate and provenance variations
that influenced sediment deposition in the Gulf of Mexico during the Pleistocene and Holocene.
Though originally cored by the USGS for gas hydrate investigations, cores MD02-2535, MD022555, and MD02-2560 have been repurposed for undergraduate course-based paleoclimate
research at JMU. Shipboard interpretations of the color reflectance data for these cores suggested
that two dark stratigraphic intervals present in all of the cores were regional correlative time
horizons and marked the Last Glacial Maximum (LGM), ~18-24 ka, and the Younger Dryas (YD)
cooling event, ~12.85-11.65 ka (Bout-Roumazeilles and Trentesaux, 2007). Results from previous
JMU research for the sediment composition, grain size, C-14 dates and calculated sedimentation
rates, led to a re-interpretation with the main dark interval as meltwater pulse 1A (MWP-1A),
~15.4-12.9 ka, instead of the LGM and the smaller dark interval above it as meltwater pulse 1B
(MWP-1B), ~11.45-11.1 ka, instead of the YD (Melander et al., 2017; Richardson et al., 2018;
Nebel et al., 2019).
This research tests the USGS hypothesis that the dark stratigraphic intervals in these cores
are regional time correlative intervals and represent the LGM and YD, with an alternative
hypothesis that these units instead correspond to meltwater pulses 1A and 1B from the deglaciation
of the Laurentide Ice Sheet. Building on previous JMU work, this research has further improved
the age model for all three cores using additional C-14 dates and gathered sedimentological data
for core MD02-2555 to refine our understanding of the impact of deglaciation within the Gulf of
Mexico. Conclusions from the new age model are that the original USGS interpretations were (1)
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correct in identifying the shallower interval of low color reflectance as a regional correlative time
horizon across all three cores; (2) correct in identifying the deeper interval of low color reflectance
as a regional correlative time horizon across cores MD02-2535 and MD02-2555, but slightly too
deep for core MD02-2560; but (3) an overestimation of absolute age of sediments at these intervals
across all three cores.
Rather, the refined age model supports earlier JMU research that the sediment in the dark
intervals across cores MD02-2535, MD02-2555, and MD02-2560 is much younger than the
original USGS interpretation (Bout-Roumazeilles and Trentesaux, 2007). The deeper interval of
low color reflectance identified in the color reflectance data by the USGS scientists is closer in
time to the Bølling-Allerød event instead of the LGM. The shallower interval of low color
reflectance is slightly younger than the YD at ~11-10 ka based on the newest age model. Sediment
from the dark intervals in core MD02-2555 are enriched in smectite, dominantly finer grained,
have low observed biogenic carbonate, have peaks in terrigenous elemental indicators, and are of
the same age as MWP-1A and MWP-1B. Based on these observations, it has been concluded that
the low color reflectance of these two intervals is likely the result of meltwater influence on
sedimentation during deglaciation.
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1. Introduction
1.1 Pleistocene-Holocene History
The transition between the Pleistocene and Holocene Epochs is characterized by a
glacial-interglacial transition (Figure 1). The Last Glacial Maximum (LGM) occurred during the
Pleistocene between ~24-18 ka, resulting in high global ice volume, lower global sea levels,
lower temperatures, and marked the last time continental glaciers extended into lower latitudes
(Figures 2 and 3). In North America, the Laurentide Ice Sheet covered most of the continent to a
latitude of ~37 ˚N, with some sections reaching a thickness of ~2,400-3,000 m (Figure 4).
Toward the end of the Pleistocene, several rapid climate changes occurred. Global temperature
increased during the Bølling-Allerød event (~15.4-12.9 ka) (Montero-Serrano et al., 2009),
resulting in ice sheet melting, producing Meltwater Pulse 1A (MWP-1A), a major meltwater
event during the Bølling-Allerød thought to peak ~14.6 ka (Cronin, 2012), that resulted in global
sea level rise (Figures 2 and 3). Following the Bølling-Allerød event, there was a global cooling
event, known as the Younger Dryas (YD) (~12.85-11.65 ka) (Abdul et al., 2016), during which
global climate temporarily returned to near-glacial conditions. Moving into the Holocene Epoch,

Figure 1. Geologic time scale of the late Cenozoic, including the transition from the Pleistocene to the
Holocene (edited from Walker et al., 2018).
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Figure 2. Temperature conditions during the Pleistocene and Holocene based on Greenland ice cores (Platt et al.,
2017).

Meltwater Pulse 1B

Figure 3. Global sea level curve during the Late Pleistocene
and Holocene (edited figure from Robert A. Rohde, accessed
from Wikimedia Commons).

Figure 4. Extent of Laurentide Ice Sheet in North
America during the Last Glacial Maximum (~24-18)
(GSA, 2018).

climate transitioned into interglacial conditions, with higher sea level and increased
temperatures, and had additional smaller meltwater pulses, including Meltwater Pulse 1B
(MWP-1B) (~11.45-11.1 ka) (Abdul et al., 2016) (Figures 2 and 3).
1.2 Geologic Setting
The three cores recovered by the IMAGES VIII/PAGE 127 expedition come from three
different regions: Tunica Mound (MD02-2535), Bush Hill Basin (MD02-2555), and Kane Spur
(MD02-2560) (Figure 5). While all three sites are on the upper continental slope in the Gulf of
9

Figure 5. Locations of three cores utilized for JMU course-based research (Lorenson et al., 2007).

Mexico, smaller scale variability in geologic setting exists that was influenced by active faults at
depths from meters to kilometers, active salt-tectonics, gravity-slope failures, debris flows, and
changes in sedimentation rates (Lorenson et al., 2007). These influences result in a system of
ridges and mini-basins of varied sediment type that is dependent on that of the adjacent shelves
and slopes. Core sites were selected by the expedition crew based on seismic surveys,
geophysical evidence, and other data with the intent of studying gas hydrate deposits. In this
study, these cores were used as paleoclimatology archives to analyze events from the Pleistocene
and Holocene.
Tunica Mound (Site MD02-2535)
Tunica Mound spans about 14 km2, lies at a water depth of 605 m, and is approximately
315 km off the coast from the Mississippi River (Winters et al., 2007; Lorenson, et al., 2007).
This site is also ~300 km from the river systems emptying along the coast of southeastern Texas.
The Tunica Mound region contains many small faults that are surrounded above and below by
10

chaotic units, interpreted to be sedimentary units disturbed from escaping gas. The small faults
appear as vertical acoustic “chimney” features that extend up from the chaotic units (Lorenson et
al., 2007). A fault runs through the northwest and southeast corners of Tunica Mound, with the
northwest section of the mountain being slightly uplifted relative to its southeast section
(Lorenson et al., 2007).
The lithology of the core recovered from Tunica Mound consists of silty clay and clay
with foraminifera abundance decreasing down-core (Lorenson et al., 2007). The dominant
lithology of core MD02-2535 is bioturbated greenish gray to brown silty clays with nannofossils
and some intervals of foraminifera between 0-9 meters below seafloor (mbsf) (Lorenson et al.,
2007). Layered dark gray silt is the dominant lithology from depths 9.00-13.50 mbsf, and depth
13.50-37.84 mbsf consists mostly of bioturbated brownish dark gray nannofossil clay with a rare
to moderate presence of foraminifera (Lorenson et al., 2007). The total length of the core is 37.84
mbsf, and this study accessed Sections 1-8, which extends 12 mbsf (Winters et al., 2007).
Bush Hill Basin (Site MD02-2555)
Core MD02-2555 from the Bush Hill Basin comes from a water depth of 636 m and lies
adjacent to the Bush Hill Mound (Winters et al., 2007; Lorenson et al., 2007). The site for this
core is approximately 240 km off the coast from the Mississippi River. A hard substrate, such as
carbonate or a gas-rich stratum, is interpreted to underlie this region based on profiles developed
from acoustic pulse data (Lorenson et al., 2007). Cores recovered from the basin, however, do
not contain any gas hydrates like those found on the Bush Hill Mound, suggesting that the gas
hydrates are not as widespread in the Bush Hill Basin compared to the adjacent mound
(Lorenson et al., 2007). Throughout the region, chemosynthetic organisms and authigenic
carbonate rocks are present (Lorenson et al., 2007). Additionally, an antithetic fault, which is
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related to a major growth fault in the region, exists along with multiple shallower normal faults
(Lorenson et al., 2007).
Lithology of the upper sediment (max depth of 8.0 mbsf) of the cores from the Bush Hill
Basin consists of clay and silty clay with foraminifera (Bout-Roumazeilles and Trentesaux,
2007). Most cores contain pyrite cubes or dispersed iron sulfides that appear in the lower
sections of cores as black spots and/or streaks (Lorenson et al., 2007). The domininant
lithologies of core MD02-2555 are greenish gray bioturbated, foraminifera-rich clays (0-9.00
mbsf) and light to dark greenish gray layered clay with bioturbation (9.00-35.68 mbsf) (BoutRoumazeilles and Trentesaux 2007). The core is 35.68 mbsf in total length, and this study
accessed Sections 1-7, which extends 9.5 mbsf (Winters et al., 2007).
Kane Spur (Site MD02-2560)
The Kane Spur region sits on the eastern slope of the Mississippi Canyon at 1,029 m
water depth (Lorenson et al., 2007; Winters et al., 2007). The region contains a shear zone about
1-2 km wide with a system of high-angle faults, as well as shallower faults (Lorenson et al.,
2007). The site for core MD02-2560 is the closest of the three cores to the mouth of the
Mississippi River at approximately 80 km from the shore. Its location suggests the potential for
higher sedimentation rates due to its proximity to high volumes of sediment input from the
Mississippi watershed. The core MD02-2560 is 28.24 meters total; this study accessed Sections
1-13, which extends 19.5 mbsf.
The lithology of the Kane Spur region is dominantly dark greenish silty clay that is split
between two intervals: an upper interval with moderate amounts of foraminifera, and a lower
interval in which foraminifera are rare to absent (Bout-Roumazeilles and Trentesaux, 2007). The
placement of this split between these intervals varies among cores recovered from the Kane Spur
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region (Bout-Roumazeilles and Trentesaux, 2007). Lower sections of some cores from Kane
Spur contain coarser layers of sand and silt (Bout-Roumazeilles and Trentesaux, 2007).
1.3 Previous Research
While the recovered cores were still onboard the R/V Marion Dufresne, members of the
USGS measured color reflectance using a handheld spectrophotometer with an 8 mm diameter
optical sensor (Bout-Roumazeilles and Trentesaux, 2007). Color reflectance (L*) is a
measurement of the lightness (high L*) and darkness (low L*) of the split core surface and can
be used as a proxy for carbonate content. A stratigraphic interval of distinctly low color
reflectance occurs in cores from all the sites. Cruise scientists hypothesized that the dark
stratigraphic interval that spanned the marine sediment cores was the Last Glacial Maximum,
~18-24 ka (LGM) (Figures 6, 7, and 8). Additionally, at a depth shallower than the first dark
interval, another stratigraphic interval of relatively low color reflectance that spanned the cores
was hypothesized as the Younger Dryas (YD) cooling event. Their reasoning was that colder
temperatures during the LGM and YD would negatively impact biological productivity of
calcareous plankton in the surface waters, thus reducing the carbonate input (e.g.,
coccolithophores and foraminifera) to the sediment.
Each of these intervals are followed by an increase in color reflectance, suggesting a rise
in biogenic carbonate, presumably driven by an increase in sea surface temperatures, creating
lighter sediment (Bout-Roumazeilles and Trentesaux, 2007). These hypotheses from the
shipboard scientists appear to have been made using only patterns in the color reflectance data
that resembled patterns produced from other past climate fluctuations, namely the
Dansgaard/Oescher oscillations from the last glacial cycle (Bout-Roumazeilles and Trentesaux,
2007). These oscillations, known as DO events, were rapid climate fluctuations thought to occur
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Figure 6. USGS interpretations of Pleistocene and Holocene events plotted overtop color reflectance data
for Tunica Mound cores, including MD02-2535 (highlighted) (edited from Bout-Roumazeilles and
Trentesaux, 2007).

Figure 7. USGS interpretations of Pleistocene and Holocene events plotted overtop color reflectance data
for cores from the Bush Hill region, including MD02-2555 (highlighted) (edited from Bout-Roumazeilles
and Trentesaux, 2007).
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Figure 8. USGS interpretations of Pleistocene and Holocene events plotted overtop color reflectance data
for cores from the Kane Spur region, including MD02-2560 (highlighted) (edited from Bout-Roumazeilles
and Trentesaux, 2007).

approximately every 1,470 years between ~74-11 ka (Schulz, 2002). These patterns, evident in
⸹18O values in Greenland ice cores, represent rapid transitions between cold stadials and warm
interstadials during the last glacial cycle (Schulz, 2002; Dansgaard et al., 1993). Data for other
age controls in the Gulf of Mexico sediment cores from the USGS expedition, such as
biostratigraphy, paleomagnetic data, or radiometric age(s), were not yet collected and thus not
available when the hypothesis was formulated to estimate the placement of these Holocene and
Pleistocene events within the cores.
Following the IMAGES VIII/PAGES 127 expedition, Montero-Serrano et al. (2009)
analyzed one of the recovered cores, MD02-2553. This core comes from the Pigmy Basin in the
Gulf of Mexico, which is strongly linked to Mississippi River detrital supply, and was recovered
for palaeoceanographic research (Montero-Serrano et al., 2009; Lorenson et al., 2007). Samples
of a mixed layer planktic foraminifera, Globigerinoides ruber, were used to develop a C-14
15

based age model. This species is a single-celled protist that lives in the surface to intermediate
layers of the ocean, up to ~1,000 m water depth (Kimoto, 2015). Elemental analysis, clay
mineral analysis, and grain size analysis were used to characterize the sedimentary sequence into
four distinct sedimentological units and to hypothesize possible source lands (Figure 9; MonteroSerrano et al., 2009).
Using the radiocarbon dates from G. ruber and results from the sedimentological
analyses, Montero-Serrano et al. (2009) concluded that patterns in the data for core MD02-2553
likely represent a meltwater spike (~15.4-12.9 ka) followed by the YD, which they estimated as
~12.9-11.6 ka. Their evidence for a meltwater spike included a dramatic increase in
sedimentation rate, decreases in ⸹18O values, along with shifts in mineralogical and geochemical
data (e.g. increased Ti/Al and Fe/Al ratios) (Montero-Serrano et al., 2009). They determined that
the peak of the deglacial meltwater event falls within their Unit 2 of the core, which is
characterized by finer-grained sediment, very high sedimentation rate, relatively higher
concentrations of Fe/Al, high values of smectite, and lowest CaCO3 which they linked with
observations of little to no biocarbonate deposition (Figures 10, 11, 12, and 13; Montero-Serrano
et al., 2009). Montero-Serrano et al. (2009) concluded that the meltwater spike observed in core

Figure 9. Map of North America during
deglaciation of the LIS (14.5 ka) showing the
distribution of dominant clays: S: smectite, I:
illite, C: chlorite, and K: kaolinite (MonteroSerrano et al., 2009).
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MD02-2553 was a result of the LIS melting (~18 ka), leading to the high volumes of sediment
carried by river water in the Mississippi River drainage basin to the northern Gulf of Mexico.

Figure 10. Grain size distribution of core MD02-2553. The Bølling-Allerød (B-A) from 15.4-12.9 ka
and Younger Dryas (YD) from 12.9 to 11.6 ka are indicated (Montero-Serrano et al., 2009).

Figure 11. Elemental abundances in core MD02-2553. The Bølling-Allerød (B-A) from 15.4-12.9 ka and
Younger Dryas (YD) from 12.9 to 11.6 ka are indicated (edited from Montero-Serrano et al., 2009).
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Figure 12. Clay mineralogy of core MD02-2553. The Bølling-Allerød (B-A) from 15.4-12.9 ka and
Younger Dryas (YD) from 12.9 to 11.6 ka are indicated (Montero-Serrano et al., 2009).

Figure 13. Smectite over illite and chlorite relative abundances (S/I+C) (edited from Montero-Serrano
et al., 2009).
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In 2012, the JMU Paleoceography & Paleoclimatology Lab began research on three other
Gulf of Mexico cores: MD02-2535, MD02-2555, and MD02-2560 (Figure 14). To provide better
age controls than available when the shipboard scientists posed their hypothesis, these studies
began by applying a planktic foraminifera biostratigraphic zonal scheme based on work by
Ericson and Wollin (1968) and Kennett and Huddlestun (1972) to the cored intervals. Planktic
foraminifera were examined to identify species useful for defining biostratigraphic boundaries
within the cores (Lam and St. John, 2012; Schmitt and St. John, 2013; Albright and St. John,
2017). These data established the Holocene-Pleistocene biozone boundary (Z2/Y1; ~9.8 ka)
across these cores, which was shallower than the interval the USGS interpreted as the YD
(~12.85-11.65 ka), and did not contradict the original interpretation.
All age data from previous research and this study are reported in Figure 16 of the
Results section. While these data did not contradict the original USGS interpretation, the age

Figure 14. Timeline of JMU research with cores MD02-2535, MD02-2555, MD02-2560 (figure by
St. John, 2019).
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model was still of fairly low resolution, with only a few widely spaced age dates. Larger gaps
between markers result in greater age model inaccuracies due to the assumption of linear
sedimentation between age depth markers. Therefore, further evidence was needed to confirm or
deny the initially USGS color reflectance-based age model. While the biostratigraphic data was
useful for establishing an initial age model, further age data was necessary to develop a higher
resolution and more precise age model to assess the USGS hypotheses that the two notable
intervals of low color reflectance were (1) time synchronous intervals that (2) represented the
YD and LGM.
Later research (Melander et al., 2017; Richardson et al., 2018; Nebel et al., 2019) used C14 age dating methods following the method of Montero-Serrano et al. (2009) to acquire more
precise age controls and improve resolution of the age model. These data are also reported in
Figure 16 of the Results section. Samples of mixed layer planktic foraminifera were retrieved
from the cores and sent to the National Ocean Sciences Accelerator Mass Spectrometry
(NOSAMS) lab for C-14 age dates to improve age models (Melander et al., 2017; Richardson et
al., 2018; Nebel et al., 2019). Results were inconsistent with the shipboard interpretation that
sediment from the dark stratigraphic interval was the LGM; age dates indicated sediment from
the interval was much younger.
Based on new age data and calculated linear sedimentation rates Melander et al., 2017;
Richardson et al., 2018; and Nebel et al., 2019 re-interpreted the main dark interval as MWP-1A
instead of the LGM and the smaller dark interval above it as MWP-1B instead of the YD. The
YD was instead thought to be a lighter interval above the main dark interval, which was now
interpreted as MWP-1A. Through several semesters of course based research, eight C-14 dates in
total have been obtained from the three cores prior to this research (Figure 14). Some C-14 were
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found to overlap biostratigraphic dates, but the radiocarbon dates were assumed more precise. In
these instances, inconsistent biostratigraphic dates were therefore omitted. All the corrected age
data indicate that the shallower sediment is younger than the initial ages proposed by the USGS
in 2002, which is consistent with the conclusions made by Montero-Serrano et al. (2009). This
research utilizes these previous age data, both C-14 dates and consistent biostratigraphic dates, in
the new age model and are reported in Figure 16 of the Results section.
In addition to contributing age-depth data, Melander et al., 2017; Richardson et al., 2018;
and Nebel et al., 2019 also explored the composition of the dark interval. Biogenic carbonate was
rare in the darker intervals, confirming that the low L* values are dominantly controlled by
variations in biogenic carbonate (Figure 15). Reduced biogenic carbonate at these intervals was
originally thought to be the result of the extreme cold during glacial conditions (hence the
shipboard interpretation that it marked the LGM) (Bout-Roumazeilles and Trentesaux, 2007), but
the analysis by the JMU Paleoceography & Paleoclimatology Lab led to a new hypothesis:
because age data suggests these dark intervals are too young to be the LGM and are more aligned
in age to meltwater pulses 1A and 1B, the reduced biogenic carbonate is hypothesized to result
from high influxes of terrigenous sediments as the LIS melted (Melander et al., 2017; Richardson
et al., 2018; Nebel et al., 2019). Additionally, they hypothesized that the freshwater input during
meltwater events likely impacted the sea surface salinities. Thus, both dilution from terrigenous
input and a change to the surface water environmental conditions may have contributed to lower
foraminifera and coccolith abundances as the environment became temporarily unsuitable during
these meltwater events.
Along with research conducted to improve age models for the cores and characterize the
biogenic carbonate content of the core, several other observations regarding characteristics of the
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Figure 15. Observations of the >250 μm fractions from (A) 216 cmbsf, in a unit of higher color
reflectance and (B) 640 cmbsf in an interval of low color reflectance (Melander et al., 2018).

sediment were made. Grain size and x-ray diffraction (XRD) data were used to interpret changes
in transport energy and clay mineral provenance (Melander et al., 2017; Richardson et al., 2018;
Nebel et al., 2019). Different regions of North America are characterized by particular dominant
clay(s) and this can be used to interpret source(s) of sediment that is found in the cores (Figure
9). Grain size can be used to interpret changes in transport energy, with the assumption that flood
events would have more energy and could transport larger grains. However, this likely
oversimplifies the controls on grain size of the core sediment because Montero-Serrano et al.
(2009) demonstrated that the meltwater pulses in MD02-2553 were characterized by finer (not
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coarser) grain sizes. Therefore, grain size in the cores must also be controlled by the grain size of
the sediment in the source areas.
Major element stratigraphy was examined using x-ray fluorescence (XRF) data collected
at the Gulf Coast Repository at Texas A&M and at JMU. Elemental data was used as a proxy for
biogenic carbonate content (Ca/Al ratios) and changes in grain size (Ti/Al) (Melander et al.,
2017; Richardson et al., 2018; Nebel et al., 2019). In addition to integrating and refining age
data, this study aims to also integrate results for XRF, XRD, and grain size analyses from
previous research with new sedimentological data. These data will be used to evaluate
sedimentological characteristics in the context of the new age model.
2. Methods
2.1 Age Model
The key tool to refine the age model for this research was the mixed layer planktic
foraminifera species, G. ruber (Figure 14). Age data can be determined from the hard calcium
carbonate shells of the foraminifera. Carbon-14 isotopes stored in these shells are measured by
isotope ratio mass spectrometry (IRMS) (Sionneau et al. 2010). When acquiring age dates, mixed
layer planktic foraminifera are used because the geochemistry of their shells has not been
influenced by subsurface water masses, which could potentially skew results. The G. ruber
species was optimal for this research due to its relative abundance in all three cores, providing an
ample amount to sample from, and its distinct shape. Certain intervals were lacking in G. ruber
specimens, so another mixed layer foraminifera, Orbulina universa, was used to reach the
sufficient sample size of 4 mg/sample (Figure 14).
The age model from previous research was used along with color reflectance and Ca/Al
ratios to guide selection of intervals for sampling. Intervals of higher color reflectance and higher
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Ca/Al, which indicate more biogenic material, were chosen for sampling to ensure retrieval of
maximum volume of foraminifera sample for analysis. Five bulk core samples were selected
across the three sediment cores (Figure 16). These samples were sieved and dried to retrieve the
>250 μm and >150 μm fractions. Samples of G. ruber and O. universa were picked under a
binocular microscope.
To maintain consistency with radiocarbon dates from previous research, samples were
sent to the NOSAMS lab for carbon isotope analysis. These data were then calibrated using the
CALIB 7.10 program to account for changes in atmospheric C-14 concentration through time
(Radiocarbon Calibration, 2018). The marine reservoir effect was accounted for using a ΔR
value of -30 to correct for the difference between terrestrial and marine radiocarbon dates, which
usually appear as 400 years apart (Marine Reservoir Effect, 2018). These newly acquired dates
were combined with the previous age dates (Lam and St. John, 2012; Schmitt and St. John, 2013;
Albright and St. John, 2017; Melander et al., 2017; Richardson et al., 2018; Nebel et al., 2019) to
create a new age model and linear sedimentation rates. Previously acquired dates had not used a
ΔR = -30 to incorporate the marine reservoir effect, so data were recalibrated for this research for
consistency. On average, ages shifted to older dates by about 0.2-1.0 ka. When there were
discrepancies between radiocarbon dates and biostratigraphic dates, radiocarbon dates were
assumed to be more reliable and biostratigraphy dates were omitted. This decision was made
because of potential error in biostratigraphic dates from larger sample spacing and possible
identification errors, while C-14 dates were measured at NOSAMS in a professional lab.
2.2 Characterizing Sediment of Core MD02-2555
When adding the newly acquired age dates from this study with those from previous
research, core MD02-2555 has the highest resolution of age data among the three cores. Among
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the three cores, there was greatest success yielding sufficient sample size of mixed planktic
foraminifera from the bulk samples of core MD02-2555. For these reasons, MD02-2555 was
selected for further sampling in this study to analyze changes in sedimentological characteristics.
This allowed for more detailed analysis of depositional processes during deglaciation.
Clay Mineralogy
The bulk core samples taken from strategic intervals in core MD02-2555 were sieved to
retrieve the fine fraction (<63 μm). The fine fraction was then centrifuged and separated into the
<2 μm fraction, which was retrieved and flocculated with NaCl. This <2 μm fraction was used to
make oriented mount clay slides for XRD analysis using a PANalytical X’Pert PRO MPD thetatheta Diffractometer. This analysis determined peak positions of d-spacing to interpret the type
of clay present in the sample. Based on previous research, the clays of greatest interest for
studying source lands were smectite, illite, chlorite, and kaolinite (Montero-Serrano et al., 2009;
Lam and St. John, 2012; Schmitt and St. John, 2013; Albright and St. John, 2017; Melander et
al., 2017; Richardson et al., 2018; Nebel et al., 2019).
Grain Size Analysis
Bulk samples from core MD02-2555 were also used for further analysis with a BeckmanCoulter LS 13320 Laser Diffraction Particle Size Analyzer (LDPSA). To prepare samples for
analysis, a small portion (<1 cc) of each bulk core sample was put into a beaker with DI water
and 10% Calgon and placed in an ultrasonic bath to deflocculate clays. No steps were taken to
remove biogenic carbonate or organic matter. Each of these samples was then run through the
LDPSA 3 times to retrieve average grain size for that interval.
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3. Results
3.1 Age Model
Calibrated radiocarbon dates for each sampled interval and new linear sedimentation
rates (LSR) calculated using updated dates from previous research and newly measured
radiocarbon dates are shown in Figure 16. The age model for core MD02-2555 is plotted in
Figure 17 and calculated linear sedimentation rates are shown. Results indicate that
sedimentation rates decrease over time in this region, with a maximum sedimentation rate of
76.33 cm/ka near the end of the LGM (~20-18 ka). Correlating these age models with color
reflectance data demonstrates the USGS scientists’ interpretations were:
(1) Correct in identifying the shallower interval of low color reflectance as a regional
correlative time horizon across all three cores,
(2) Correct in identifying the deeper interval of low color reflectance as a regional correlative
time horizon across cores MD02-2535 and MD02-2555, but slightly too deep for core
MD02-2560, but
(3) An overestimation of absolute age of sediments at these intervals across all three cores
(Figures 18 and 19).
Rather, the age model supports earlier research that the sediment in the dark intervals across
cores MD02-2535, MD02-2555, and MD02-2560 is much younger than the original USGS
interpretation (Melander et al., 2017; Richardson et al., 2018; Nebel et al., 2019). The deeper
interval of low color reflectance identified in the color reflectance data by the USGS scientists is
closer in time to the Bølling-Allerød event instead of the LGM (Figures 18 and 19). The
shallower interval of low color reflectance is slightly younger than the YD at ~11-10 ka based on
the newest age model.
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Figure 16. All available age data and calculated linear sedimentation rates (LSR) for cores MD02-2535,
MD02-2555, MD02-2560 (Lam and St. John, 2012; Schmitt and St. John, 2013; Albright and St. John,
2017; Melander et al., 2017; Richardson et al., 2018; Nebel et al., 2019). Biostratigraphic dates that were
inconsistent with C-14 age data are omitted. Radiocarbon dates from previous studies were recalibrated in
CALIB 7.10 to account for the marine reservoir effect using ΔR = -30.
Core
MD02-2535

MD02-2555

Avg. Depth
(cmbsf)

Age (ka BP)

LSR (cm/ka)

24

6.00

4.00

78

9.80

14.21

208

12.88

42.25

665

24.84

38.19

951

27.56

105.42

86

2.28

37.72

270

7.91

32.71

360

10.58

33.61

473

12.62

55.50

488

12.95

46.15

691

17.13

48.54

1000

21.18

76.33

120

6.00

20.00

251

7.84

71.22

280

9.80

14.79

618

16.00

54.52

1001

18.37

161.47

1414

19.92

267.57

Type of Data
Biostratigraphic

Lam et al. 2012
Richardson et al. 2018

Radiocarbon

This study
Richardson et al. 2018
Melander et al. 2017

Radiocarbon
This study

Biostratigraphic
MD02-2560

References

Radiocarbon
Biostratigraphic
Radiocarbon

Melander et al. 2017
Robinnette et al. 2012;
Schmitt et al. 2013;
St. John, unpublished work
Nebel et al. 2019
Robinnette et al. 2012;
Schmitt et al. 2013;
St. John, unpublished work
Nebel et al. 2019
This study

Figure 17. Linear sedimentation rates for MD02-2555 using new radiocarbon dates and from previous
research (Albright and St. John, 2017; Melander et al., 2017; Richardson et al., 2018).
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Figure 18. Shipboard interpretations of color reflectance data for cores MD02-2535, MD02-2555, and
MD02-2560. USGS scientists’ hypotheses for placement of the Last Glacial Maximum (LGM) and Younger
Dryas (YD) are indicated, as well as the hypothesized Holocene boundary (modified from BoutRoumazeilles, 2007).

Figure 19. Interpretation of color reflectance data based on the newest age model using radiocarbon dates
(red) and biostratigraphically determined dates (grey italicized); dates reported in Figure 16. Interpretation
includes approximate timing of the Last Glacial Maximum (LGM) from 24-18 ka, Meltwater Pulse 1A
(MWP-1A) during the Bølling-Allerød from 15.4-12.9 ka, the Younger Dryas (YD) from 12.85-11.65 ka,
Meltwater Pulse 1B (MWP-1B) from 11.45-11.1 ka, and Holocene boundary.
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3.2 Characterizing Sediment of Core MD02-2555
Core MD02-2555 has the highest resolution age model among the three cores, so this
core was selected for analyzing changes in sedimentological characteristics through deglaciation.
Clay Mineralogy
Clay mineralogy appears highly variable throughout the studied interval, but relative
abundance of smectite over the relative abundances of illite and chlorite (S/I+C) indicates
smectite is almost always the dominant clay and input appears to increase over time (Figure 20).
Illite is the second most dominant clay, and it is more abundant than smectite only three times:
~20 ka, between 14-13 ka, and ~12 ka. There is also a notable increase in illite around 10 ka, but
it does not overtake smectite. Smectite peaks at ~14 ka, ~13 ka, and between 12-11 ka.

Figure 20. Relative clay abundances, including smectite over illite and chlorite (S/I+C), with color reflectance versus age
from core MD02-2555. The Last Glacial Maximum (LGM) from 24-18 ka, Meltwater Pulse 1A (MWP-1A) during the BøllingAllerød from 15.4-12.9 ka, the Younger Dryas (YD) from 12.85-11.65 ka, Meltwater Pulse 1B (MWP-1B) from 11.45-11.1
ka, and Holocene boundary are indicated. Data includes that reported in Melander et al., 2017 and Richardson et al., 2018, as
well as new grain size data from this study and using the age model from this study.
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Grain Size
The mode grain size suggests sediment is mostly fine grained (<5 μm) throughout the
plotted interval and becomes coarser grained from 4 ka to modern day (Figure 21). There are 3
notable spikes in coarser material during the deglaciation interval (20-10 ka): ~18 ka, between
14-13 ka, and ~11 ka. The sand fraction (>63 μm) during the deglaciation interval peaks at ~11
ka. Aside from these three spikes in coarser sediment, the clay fraction (<2 μm) and the cohesive
silt fraction (2-10 μm) dominate during the deglaciation interval, and the peak of clay particles
(%) in this interval occurs at ~14 ka.
Elemental Analysis
X-ray fluorescence (XRF) data from previous research (Melander et al., 2017;
Richardson et al., 2018) is plotted using the new age model for MD02-2555 in Figure 22. Values
for Ti, Fe, K, and Ca are normalized to Al so that the relative degrees of enrichment or depletion
of these elements in a sample can be determined. Al is commonly used in normalization of
elemental data in qualitative studies because its concentration is very similar in many geologic
rocks (e.g., acidic and basic extrusive and intrusive rocks, metamorphic rocks, and shales, which
is the most common sedimentary rock), and to its concentration in the upper crust (Calvert and
Pedersen, 2007). This normalization removes the effects of differential dilution of the bulk
sediments by the aluminosilicate fraction so that relative changes in the composition of the
marine sediments can be discerned (Montero-Serrano et al., 2009). XRF results show that the
patterns for Ti/Al, Fe/Al, and K/Al are nearly identical, with peaks at ~18 ka, ~14 ka, and ~11 ka
in the deglaciation interval. More recently, these data peak at ~6 ka, ~ 3 ka, and ~2 ka. Ca/Al
data peaks between 19-18 ka and then decreases into the deglaciation interval, especially
between 15-11 ka . Within this interval, there is a small, rapid increase at ~14 ka.
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Figure 21. Grain size fractions (%) and mode grain size (μm) with color reflectance versus age from core MD02-2555. The
Last Glacial Maximum (LGM) from 24-18 ka, Meltwater Pulse 1A (MWP-1A) during the Bølling-Allerød from 15.4-12.9 ka,
the Younger Dryas (YD) from 12.85-11.65 ka, Meltwater Pulse 1B (MWP-1B) from 11.45-11.1 ka, and Holocene boundary
are indicated. Data includes that reported in Melander et al., 2017 and Richardson et al., 2018, as well as new grain size data
from this study and using the age model from this study.

Figure 22. Elemental abundances of Ti/Al, Fe/Al, Ca/Al, and K/Al with color reflectance versus age from core MD02-2555.
The Last Glacial Maximum (LGM) from 24-18 ka, Meltwater Pulse 1A (MWP-1A) during the Bølling-Allerød from 15.412.9 ka, the Younger Dryas (YD) from 12.85-11.65 ka, Meltwater Pulse 1B (MWP-1B) from 11.45-11.1 ka, and Holocene
boundary are indicated. Data collected at JMU and reported in Melander et al., 2017; Richardson et al., 2018, and using the
age model from this study.
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4. Discussion
4.1 Age Model
The updated age model that includes newly acquired age dates demonstrates that the
USGS interpretation that the shallower interval of low color reflectance is time synchronous
across the three cores, and the deeper interval of low color reflectance is time synchronous for
cores MD02-2535 and MD02-2555 (Figures 18 and 19). Intervals of low color reflectance
usually indicates low biogenic carbonate, and data support this through the decrease in Ca/Al and
fewer observed biogenics in the >250 μm fraction in the darker intervals (Figures 15 and 22).
Conclusions by the USGS scientists suggest that intervals of low color reflectance may serve as a
useful stratigraphic marker for future research.
Though it was originally thought that the decrease in biogenic carbonate in these darker
intervals was the result of unsuitable environmental conditions due to the LGM and YD cooling
events, the new age model is consistent with previous research (Lam and St. John, 2012; Schmitt
and St. John, 2013; Albright and St. John, 2017; Melander et al., 2017; Richardson et al., 2018;
Nebel et al., 2019) that these intervals of low color reflectance do not occur during the YD and
LGM (Figures 18 and 19). The YD occurs between the two dark intervals in an interval of
slightly higher color reflectance. The duration of the LGM is a bit harder to accurately place
between the three cores. Due to fewer foraminifera occurring in deeper intervals among all three
cores, most age data are from shallower depths, meaning conclusions about age of deeper
sediment are more ambiguous.
Regardless of its exact position, the fact that the LGM age sediment is deeper in the cores
than originally thought implies that the low color reflectance and the low abundance of biogenic
carbonate in the darker intervals are caused by something other than a cooling event. Sediment of
the deeper dark interval was deposited at ~15-14 ka, which is approximately the same age as
32

MWP-1A. Previous research has hypothesized that low biogenic carbonate input, and thus lower
L* values could be produced by high volumes of terrigenous input from meltwater events
(Melander et al., 2017; Richardson et al., 2018; Nebel et al., 2019). Additionally, MonteroSerrano et al. (2009) found evidence of a meltwater event (15-12.9 ka) in the Gulf of Mexico
core MD02-2553. Unfortunately, the color reflectance data for core MD02-2553 is not available
from the online MD02 cruise database, so a direct comparison to L* data from that site cannot be
made. This study can instead rely on comparison of other sedimentological characteristics
between the cores in this study and that of Montero-Serrano et al. (2009) to assess the possibility
of meltwater influence on deposition.
4.2 Comparison of MD02-2555 and MD02-2553 Sediment Characteristics
Clay mineralogy data of MD02-2553 from Montero-Serrano et al. (2009) show that
during the peak of the meltwater event that occurred 15-12.9 ka, sediment is enriched in smectite
at the expense of illite and chlorite, meaning S/I+C is much higher (Figure 13). At ~14 ka in
MD02-2555 smectite also dominates, leading to a higher S/I+C, but trends throughout the time
of deglaciation are highly variable (Figure 20). There are even three intervals throughout
deglaciation in which illite and chlorite overtake smectite (S/I+C < 1): ~20 ka, between 15-14 ka,
and ~12 ka. Though it is highly variable, the S/I+C data in Montero-Serrano et al. (2009) is never
less than 1. Also, core MD02-2553 seems to have a more notable smectite enrichment than in
core MD02-2555. Perhaps this difference is the result of lower sampling resolution for clay
mineralogy data in this study. Despite the relative abundance of smectite being of lower
intensity, sediment throughout deglaciation is most often enriched in smectite at the expense of
illite and chlorite. This smectite enrichment may indicate the northwestern Mississippi/Missouri
watershed was the dominant source area of terrigenous sediment (Figure 9).
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Variations in smectite enrichment, such as the intervals where illite and chlorite are more
abundant than smectite, may suggest changes in source area. Illite and chlorite dominance
suggests a shift toward the eastern region of the Mississippi/Missouri watershed, which is more
enriched in these clays. There are also prominent peaks in S/I+C near the end of the YD, ~11.7
ka and at ~11 ka according to the age model. This may perhaps be the result of another shift in
source area during another meltwater pulse, MWP-1B (11.45-11.1 ka), which has been discussed
in previous research (Melander et al., 2017; Richardson et al., 2018; Nebel et al., 2019). It is
important to note that these conclusions are made under the assumption that, similar to Site
MD02-2553 from Montero-Serrano et al. (2009), sedimentation at Site MD02-2555 in the Gulf
of Mexico is dominantly influenced by the Mississippi River, which serves as the main source of
smectite.
Further evidence of a meltwater event as stated by Montero-Serrano et al. (2009) includes
an increase in finer grained sediment (Figure 10) in MD02-2553. In comparison, according to the
percent clay fraction for core MD02-2555, clay peaks at ~14 ka, during which it makes up 55%
of sediment (Figure 21). Throughout the time of deglaciation, clays and cohesive silts, the two
finer sediment fractions, are dominant, accounting for nearly 80% of the sediment. At a few
points in this interval of deglaciation, there is some variability seen as a few significant peaks in
coarser material. Specifically, during the age of MWP-1B, the sand fraction is at its highest
during the deglaciation interval. This is not consistent with the suggestion from Montero-Serrano
et al. (2009) that the meltwater events in this region lead to increases in finer grain sediment.
Perhaps this variability is the result of changes in provenance or the main influence of
sedimentation (i.e., a different river). Alternatively, because grain size samples were not treated
to dissolve carbonate shells as they were in Montero-Serrano et al. (2009), grain size for MD02-
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2555 is a measure of overall grain size of marine sediment, not just terrigenous input. Therefore,
an increase in grain size in MD02-2555 may reflect an increase in foraminifera abundance. This
seems likely for the Holocene age sediments as cruise reports note more foraminifera in the
shallowest sediments (Bout-Roumazeilles and Trentesaux, 2007) and this fits with observations
of smear slides from class observations (St. John, personal communication) and sieving analysis
(Figure 15; Melander et al., 2018). Brief increases of foraminifera abundance may also be the
cause for the isolated peaks in grain size during the deglaciation, such as at 360 cmbsf in core
MD02-2555 in which there was sufficient foraminifera abundances for radiocarbon dating for
this study.
Montero-Serrano et al. (2009) saw evidence of more terrigenous influence as higher
Fe/Al values during the peak of the meltwater event (15-12.9 ka) (Figure 11). XRF data for
MD02-2555 shows that Fe/Al, Ti/Al, and K/Al, which are proxies for terrigenous input, increase
around 14 ka, especially Fe/Al (Figure 22; Calvert and Pedersen, 2007). This implies a greater
influence of terrigenous sediment at this interval, which may be from the peak of MWP-1A.
There also appears to be a uniform increase in Ti/Al, Fe/Al, and K/Al between 11-10 ka. This is
within about 1,000 years of MWP-1B, and this increase may be a delayed response to the second
meltwater event or be slightly displaced due to potential errors in the age model, either from
calibration methods or not enough age data (i.e., higher sample resolution needed). As for
calcium data, sediment from the peak of the meltwater event observed in Montero-Serrano et al.
(2009) had the lowest CaCO3 values of the core, which corresponded to the interval with little to
no observed biogenic material (Figure 11). While there are not exact measurements for CaCO3 in
core MD02-2555, Ca/Al values are relatively low throughout deglaciation where minimal
biogenic carbonate are observed in the >250 μm fraction (Figure 22). However, Ca/Al values are
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also lowest around 4 ka where biogenic carbonate was abundant, so Ca/Al in this sediment is
likely influenced by more than just biogenic carbonate input, perhaps from terrigenous sources of
clay minerals and/or detrital carbonate minerals.
Combining all observations, sediment that is the same age as the MWP-1A and MWP-1B
events are enriched in smectite, have dominantly finer grains, lower observed biogenic
carbonate, and have peaks in the terrigenous indicators Ti/Al, Fe/Al, and K/Al. These
observations support the interpretation that deposition resulted from meltwater events.
5. Future Research
There is still variability within this deglaciation interval; therefore to strengthen this
conclusion, higher resolution data for sedimentological variations would be very valuable to
more accurately see trends throughout deglaciation. Other evidence that Montero-Serrano et al.
(2009) utilized to draw the conclusion of meltwater influence included a drastic increase in
sedimentation rate, caused by higher volumes of terrigenous sediment being deposited. Linear
sedimentation rates calculated for core MD02-2555 showed little variation and actually
decreased for sediments younger than the LGM. This could be the result of differences
bathymetry between Site MD02-2553 and Site MD02-2555, which may cause differences in
sediment accumulation. It is also important to consider that sedimentation rates between age
depth markers is assumed to be constant in order to approximate ages. However, these
sedimentation rates could be highly variable across short time intervals, especially as meltwater
events and glaciations impact the sediment volume being deposited in the region. For these
reasons, it would be valuable to acquire additional C-14 dates and/or biostratigraphic dates using
finer sample spacing to improve the age model resolution even more.
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Montero-Serrano et al. (2009) also observed a decrease in planktic foraminifera ⸹18O
values during the peak of the meltwater event, which reflects an influx of freshwater. Due to
isotope fractionation, the oceans are enriched in 18O during cooler times, and ice sheets are
enriched in 16O. When planktic foraminifera develop their shells during these times, their shells
also become enriched in ⸹18O, as this is the most available oxygen isotope in the oceans. Once
temperatures rise and ice sheets melt, freshwater that is enriched in 16O is released into oceans.
This influx of 16O-rich water means 18O is diluted in the ocean water. With a higher
concentration of 16O available, planktic foraminifera can use both isotopes, and so their shells are
less-enriched in 18O during these warmer times when freshwater enters the environments, such as
during the meltwater event in Montero-Serrano et al. (2009). Moving forward, ⸹18O data for core
MD02-2555 would be very useful to evaluate changes in freshwater influence, which could
potentially be linked to meltwater events.
Additionally, the dominant drainage system affecting MD02-2555 over time, during
deglaciation and into the modern day, should be further investigated. This research assumes the
Mississippi River is the greatest influence on sedimentation in this region. An important step for
future research could be to assess the possibility of other influences on sedimentation, such as
rivers along the western/northwestern region of the Gulf of Mexico, like the Brazos River.
Furthermore, a more in depth study of updated models of the dominant clays throughout North
America could provide more accurate estimates of clay mineral provenance. Smith et al. (2013)
suggest there are massive deposits of smectite-rich chalk along the central Texas and northern
Mississippi latitudes, which are major contributors to the Mississippi River drainage and may be
possible sediment sources for Site MD02-2555. When considering data for all of core MD022555, it appears that over time, sediment becomes coarser grained and more enriched in smectite,
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especially from 6 ka to present day. These data could be useful for future research regarding
changes in drainage and deposition in the Gulf of Mexico from the LGM to modern day.
The JMU Paleoceaonography & Paleoclimatology Lab (Lam and St. John, 2012; Schmitt
and St. John, 2013; Albright and St. John, 2017; Melander et al., 2017; Richardson et al., 2018;
Nebel et al., 2019) and Montero-Serrano et al. (2009) have collected valuable data for these Gulf
of Mexico cores to help understand deglaciation following the LGM. Moving forward, studying
cores from the many other MD02 sites within the Gulf of Mexico could lead to higher resolution
conclusions about the impact of meltwater deposits in the region. Analyzing more cores from
various areas within the Gulf of Mexico can lead to conclusions about how sedimentation
changes spatially during meltwater events based on proximity to the Mississippi delta or other
sediment sources.
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